Starting from these prerequisites we present the results obtained by methods commonly applied in clinical laboratories (electrophoresis, immunoinhibition, ion-exchange chromatography).
Furthermore, we point out and evaluate some properties unique to and typical of macro CK type 2 (activation energy and thermal stability). We also report our comparison of its biochemical properties with those of CK isolated from human mitochondria and present experiments designed to demonstrate or exclude the possibility that this type of macro CK is part of an immune complex. The purpose of this report is to demonstrate the homogeneity of analytical findings within this group of patients with macro CK type 2, and to make available sufficient data to allow comparison of the properties of macro CK type 2 with those of CK variants published previously-all this in an attempt to help clarify the significance of the so-called "cathodic" bands of serum CK and of unexpected residual CK activities after immunoinhibition, respectively.
MaterIals and Methods

Samples:
Serum specimens from 85 patients in whom macroCK type 2 was detected during a prospective study of consecutively admitted patients (4) and from 20 more patients, whoseserum also contained macro CK type 2, were divided into 200-/.LL aliquots and stored at -20 #{176}C, with no additives. MacroCK type 2 was ascertained in every case by exclusion chromatography, isoenzyme electrophoresis, and radio-electrophoresis
(3).
Cytoplasmic isoen.zymes were prepared from human tissues as described elsewhere (5).
Mitochondrial CK from human skeletal muscle, myocardium, liver, brain, tumors, and metastases was isolated as described earlier (1). Treatment with urea (2 mol/L) transformed macromolecular mitochondrial CK into a normalsize form.
Enzyme assays: We measured total CK activity with the N-acetylcysteine-activated method (6) (cat. no. 126357, Boehringer Mannheim, Mannheim, F.R.G.; cat. nos. 14109-14111, E. Merck, Darmstadt, F.R.G.) at 25 #{176}C, using either a photometer (Model M 1101, Eppendorf Geratebau, Hamburg, F.R.G.) with a recorder or an ACP 5040 analyzer (Eppendorf). Residual CK activity after immunoinhibition of serum samples was determined with a commercial method for CK-MB (cat. nos. 14109, 14110, 14112, E. Merck) (2) , either with an ACP 5040 or manually as described earlier
(1). Each result (A/min)
was multiplied by 2 x 4369 to calculate apparent "CK-MB" activity; if, however, the ratio of apparent "CK-MB" to total CK is calculated, samples containing high amounts of macro CK, mitochondrial CK, or CK-BB will give paradoxical results, which may be as high as 2.0. We corrected all results for blanks and residual adenylate kinase (EC 2.7.4.3) activity. For determinations of activities in the colunin-chromatographic effluent we increased sample volume fivefold and measured at 37 #{176}C.
Exclusion chromatography
and determination of Mr Exclusion chromatography was performed as described earlier (1). For 25 cases we determined relative molecular mass (Mr) by use of columns packed with Sephacryl S-200 sf(55 x 0.9 cm), S-300 sf (26 x 0.9 cm), or Sephadex 
Identification
of chromatographic peaks: Using purified CK isoenzymes, we identified the activity peaks in separate runs. Although the ratio of residual CK activity after NH vs total CK activity suggests the nature of the respective peaks (a ratio of 2.0 for macro CK, CK-BB, and mitochondrial CK; 1 for CK-MB; and 0 for CK-MM), we additionally confirmed the composition of each peak by electrophoresis and determination of Ea.
Ion-exchange chromatography:
Before ion-exchange chromatography we desalted samples on a mini-column (Pasteur pipette) packed with Sephadex G-25 (Pharmacia) and equilibrated with the "weak" buffer. For cation-exchange chromatography we used a 21 x 0.9 cm column packed with CMSepharose CL-6B (Pharmacia) and equilibrated with "weak" buffer. Sample volume was 400 ,1L. To separate the CK isoenzymes, we generated linear gradients, using a homemade gradient mixer and 50 mL of "weak" buffer (20 mmoL(L NaH2PO4, pH 6.0, plus 50 mg of NaN3 per liter) and 50 mL of"strong" buffer (250 mmoLIL NaH2PO4, pH 6.2,200 mgfL NaN3), adjusting the pH with orthophosphoric acid or NaOH. The flow rate was about 14 mb/h; 1-mL fractions were collected. We measured the Na concentrations with a Nova 1 electrolyte analyzer (Nova Biomedical GmbH, Darmstadt, F.R.G.). For the anion-exchange chromatography we used a 22 x 0.9 cm column packed with DEAE-Sepharose CL-fiB (Pharmacia), collecting 1-mL fractions and using a linear gradient of Na (1-500 mmol/L) as described elsewhere (1). If necessary, we concentrated the combined eluates with an Amicon B 15 concentrator (Aunicon GmbH, Witten, F.R.G.).
Identification
of peaks was as in Exclusion chromatography above.
Electrophoresis:
We performed electrophoresis as doscribed elsewhere (3), with the following modifications: agarose-L gel (15 g/L, no. 0RE0 14; Behringwerke, Marburg, F.R.G.) on 260 x 125 x 0.5 mm sheets of Gelbond (no. 1850-101; LKB Produkter, Bromuna, Sweden). The conditions: 4#{176}C, 18 V/cm, then constant power for 50 mm (for assays at pH 6.5) or 45 mm (pH 8.3). We applied 3-5 pL of sample, both untreated and preincubated for 10 mm at room temperature with antibodies to CK-M (no. 14326, E. Merck), to inhibit quantitatively the CK-M subunits (3). At the end of each assay, the CK activity was made visible by overlaying the agarose plates for 1 h at 37#{176}C with ifiter paper soaked in CK reagent (see above). We ruled out fluorescent artifacts and adenylate kunase activity by comparing additional runs in which the phosphocreatine substrate was omitted from the CK reagent.
Isoelectric focusing: We used 260 x 125 x 0.5 mm Isogel agarose EF plates with Ampholine ampholytes at a pH range of 5 through 8 (nos. 2117-101, 2206-111, 1818-126; LKB). The conditions: for the first 60 miii, voltage setting maximum; adjust power to 500 V at the beginning of the run, and during these 60 mm the voltage increases to approximately 1000 V; for an additional 30 miii the power setting is maximum, adjust the voltage to 1500 V. At position 3 on the plate we applied 3 L of serum, both untreated and preincubated with antibodies to CK-M. At the end of each run CK activity was made visible as described above for isoenzyme electrophoresis.
We determined isoelectric points of the CK activity bands, using the endogenous CK-MM of the serum samples as internal standard. In preceding runs we determined the isoelectric points of the CK-MM bands, using isoelectric point markers supplied in p1 calibration kits (cat. no. 44286 2VBPS; BDH Chemicals Ltd., Poole, England; and the isoelectric focusing calibration kit, range 5-10.5; Pharmacia).
Thermostability:
To assess the thermostability of the CK in the sample, we performed the heat-inactivation test (45 #{176}C, 20 mm), determining CK activity before and after the heating by the imununoinhibition method as described elsewhere (9).
Activation energy:
We calculated the energy of activation of the CK-catalyzed reverse reaction after determining the CK activity of the sample by the NH method at 25,30, and 37 #{176}C as described earlier (1). The slope of the plot of ln (U/L) vs liT (1/K) (after linear regression) is used to calculate Ea, as follows: E5 = -8.31 x i0
x slope (kJ/mol).
Immunological techniques: Sera with macro CK type 2 and type 1 (as controls) were reacted with Protein A (Sigma Chemue, Munchen, F.R.G.) and with specific antisera against human immunoglobulins.
These included anti-IgG (Fc specific), anti-kappa, anti-lambda, and anti-IgG (gamma chain), all from Dako, K#{248}penhavn, Denmark; anti-IgGfFd, anti-IgG/Fc, anti-IgA, anti-IgM (Behringwerke);
anti-IgG, anti-IgA, anti-IgM (Molter, Heidelberg, F.R.G.). We used the Ouchterlony technique (5, 10) and the immunoprecipitation test (7). For imniunotitration we used increasing concentrations of inhibiting antibodies to CK-M (E. Merck, no. 14326) and precipitating antibodies to CK-M and CK-B (nos. 11642 and 11643, E. Merck). To confirm or to rule out unspecific precipitation or dissociation (11) of macro CK type 2 complexes, we tested separately the effect of increasing concentrations of polyethylene glycol 6000 (cat. no. 807491, E. Merck). The supeniate from each tube of the precipitation test was evaluated for total CK and residual CK activity after immunoinhibition, for E5, and for isoenzyme content by electrophoresis.
Additional investigations:
We assessed the incorporation of radiolabeled CK-MM, CK-MB, or CK-BB into the macro CK type 2 molecule by radioelectrophoresis (3), exclusion chromatography (3), and chromatography on Protein ASepharose CL-4B (Pharmacia), 3 x 0.4 cm (3, 5) . The effect of Triton X-100, 2 mIJL (12) was checked by electrophoresis and cation-exchange chromatography.
Re-formation of macro CK type 2 after acidolysis (13) was tested for by using cytoplasmic isoenzymes of CK (5). We converted macroCK type 2 into a normal-size CK by treatment with urea in high final concentration, 2 mol/L, and monitored the conversion by using electrophoresis, IEF, and exclusion chromatography.
Lack of serum or low CK activities prevented us from performing all of these methods for every case. Figure 1 shows two typical patterns obtained by size exclusion chromatography on a Sephadex S-300 sf column. In contrast to normal-size climeric CK, which elutes with maximum activity in fraction 30, macroCK type 2 has a distinctly higher Mr and therefore is eluted earlier. We quantitatively determined the Mr of these CKs in nine patients' sera by exclusion chromatography.
Results
Exclusion Chromatography and Relative Molecular Mass
In each serum the principal peak of activity corresponded to an M of 287 000 (SD 22 000). Three patients' sera showed additional peaks near the void volume of the columns, corresponding to Mr 750 000. These values agree well with those estimated from polyacrylamide gradient-gel electrophoretic determinations of Mr: 244000 ± 16000 (n = 16) and 800000 ± 70000 for these variants. The Mr of mitochondrial CK from human heart was 245000 ± 16000 under the same conditions.
In 57 individual cases macro CK type 2 and a serum CK activity after NH of 10 U/L we observed characteristic patterns of residual CK activity after INN during exclusion chromatography:
Mr >750 000 in five of 57 (5/57) cases; Mr 300 000 in 22/57 cases (Figure 1, upper part) ; Mr 300000 and Mr >750 000 iii 30/57 cases, with the greater activity at Mr 300 000 (Figure 1, lower part) ; Mr =80 000 in 48/57 cases, usually very low activity, which may represent either CK-MB, or normal-size CK-BB, or an additional small amount of normal-size mitochondrial CK.
Isoenzyme Electrophoresis
The results of isoenzyme electrophoresis at pH 8.3 and 6.5 and of isoelectric focusing are in agreement.
In every case with chromatographically ascertained macro CK, besides CK-MM additional variant CK bands were present at the origin or, depending on the pH of the run, showed anodic or cathodic mobility. The left part of Figure 2 shows results of the electrophoretic runs at pH 8.3 in detail. Mitochondrial CK from normal and malignant human tissues revealed similar bands (lane 3). The cathodic band, which is macromolecular, disappeared after we treated the sample with urea.
At pH 6.5 we obtained improved technical sensitivity and resolution as documented by use of 46 patients' sera showing residual CK activity after NH 10 U/L. These two-or three-band patterns were reproducible for the same sample, and the results were identical regardless of whether we analyzed the serum in (e.g.) early 1981 or late 1983. the macro CK bands and the Mr values, by comparing the greatest activity of the chromatographic peaks with that of the electrophoretic bands. In 18 of the 85 cases (21%), both macro CK type 2 and normal-size CK-BB were present; in four cases "pseudo-MB" (= CK-BB') (14-17) was visible (Figure 2) .
In contrast to the results with macro CK type 2, our various preparations of mitochondrial CK never showed more than two characteristic bands at pH 6.5. After treatment with urea, the band located at the point of application disappeared, whereas the cathodic band still remained visible, unlike the results at pH 8.3. The concomitant change in Mr is documented below in Figure 5 .
Isoelectric Focusing
Again, macro CK type 2 showed three different bands ( Figure 2 ) with isoelectric points in 13 of 38 cases at pH = 7.57, in all 38 cases at pH = 7.17 and 7.05. In our system this last band remains close to the point of application. Shifting the point of application to the anode causes a fourth band to become visible at the new point of application.
Thermal Stability
We studied the residual CK activity after heat inactivation in the sera of 78 of the 85 consecutively admitted patients with macroCK type 2. As expected, in a majority of 60 samples the residual activity amounted to 0.40 ( Figure  3, upper panel) . Using 0. 4 detect macro CK type 2 by the heat-inactivation test alone. In a reference group consisting of normal persons and patients with myocardial infarction or muscle diseases, the residual activity never exceeded 0.4 (n = 62).
Energy of Activation
We determined E for samples from 76 of the 85 patients (Figure 3, lower panel) . With 75 kJ/mol as the discrimination limit (1), the sensitivity of detecting macro OK type 2 solely by means OfEa values is 71/(71 + 5) = 0.93. The cases with macro CK type 2 activity after INN 10 UIL could be detected with a sensitivity of 1.0. Table 2 (Figure 4, left) . In the precipitation test we unexpectedly observed in some cases a time-related precipitation of macro CK type 2; this partial precipitation, however, also occurred in the absence of antibodies at various concentrations of polyethylene glycol 6000 (Figure 4, right) . Neither in the supernates nor in the washed and resuspended pellets could we demonstrate a conversion of macro CK type 2 into CK-MM or any other cytoplasmic isoenzyme-not by electrophoretic, chromatographic, or immunologic techniques. Ea always exceeded 100 kJ/mol.
After acidolysis, attempts to re-form macro CK type 2 from cytosolic CK isoenzymes in the neutralized protein solution generally failed, as did attempts to incorporate tracer amounts of radiolabeled cytoplasmic isoenzymes (especially CK-MM) into the macro CK type 2 complex.
indication of Mitochondrial Origin of Macro CK Type 2
High concentrations of urea usually dissociated macroCK type 2 into a normal-size CK that differed fundamentally from the cytoplasmic isoenzymes. Solely mitochondrial CK, isolated from human tissues, showed comparable properties (Figures 5 and 6; Tables 2 and 3) ; Figure 2 (lanes 3) shows the corresponding electrophoretic patterns. High concentrations of p-mercapthethanol also dissociated macromolecular mitochondrial CK ( Figure 5 ) in a buffer matrix; however, galling prevented our repeating these experiments with use of a serum matrix and macro CK type 2 serum. Treating macro CK type 2 with Triton X-100 and polyethylene glycol 6000 revealed no reversible linkage of CK isoenzymes with other serum constituents:
we obtained the same activity patterns after electrophoresis and ion-exchange chromatography as with native serum.
ion-exchange Chromatography
Using linear gradients of sodium concentration in the mobile phase, one may separate macro CK type 2 from the cytosolic dimeric CK isoenzymes either by anion-or cationexchange chromatography.
On anion-exchange chromatography (Figure 6 , top) macro CK type 2 elutes at an NaC1 concentration of about 100 mmol/L; this peak however, is partly overlapped by endogenous CK-MM. As expected, CK-MB and CK-BB are eluted at higher ionic strengths.
During cation-exchange chromatography ( Figure 6 , bottom) most of the macro CK type 2 is also eluted at sodium With neither type of ion-exchange chromatography could we adequately resolve macro CK type 2 and the other CK forms by using a stepwise gradient.
Discussion
Results of isoenzyme electrophoresis of human sera, normal tissues, or tumor homogenates are often confusing, especially if additional bands other than the cytoplasmic CK isoenzymes appear. In previous studies only a few groups took special steps to ensure that the moiety observed was really macro CK or mitochondrial CK. A cathodic band has often been assumed to indicate mitochondrial CK or macro CK, electrophoretic mobility has been the only criterion for identification, and further characterization of the variant CK remained insufficient. Therefore, these additional, mostly cathodic bands have been variously designated as "cathodic CK variants" (18) or even "anodic CK variant" (19), "atypical CK-MM" (11, 20, 21), "mitochondrial MM" (22) , "CK-Z" (23) , "Ig and/or lipoprotein linked-CK-MM" (13,21), "mitochondrial CK" (24-28), and "macro CK type 2" (3,30-32). In such sera or tissue homogenates, the immunoinhibition method for CK-MB similarly may give unexpected results, which comprehensively have been named: "idiopathic CK-BB" (33), "B-subunit activity" (34), and "macro CK" (7, 11, 32 ). Confusion has sometimes been multiplied, because results of CK isoenzyme determinations were not always corrected for residual adenylate kinase activity (35) .
One practical consequence of our study is that we have shown that detection of macro CK type 2 or exact identification of electrophoretic bands is only possible if two independent methods are applied in combination-e.g., chromatography or electrophoresis and immunoinhibition;
heat inactivation and activation energy.
The variety of electrophoretic methods (different supports, conditions of run, pH, means of staining bands) commonly used render difficult the direct comparison of relative mobilities, especially if bands remain at the application point (19) or co-migrate with CK-MB or CK-MM (36). We ran all samples on electro-endosmosis-low agarose plates at two different pH values and consistently used inhibiting antibodies to the M subunit to exclude artifacts, clearly locate the macro CK type 2 bands, and differentiate them from CK-MM as well as to differentiate CK-MB from macro CK type 1 and CK-BB'. We also determined the isoelectric points of CK-MM, which are directly comparable with reported data (37, 38). Electrophoresis showed at least one and mostly two out of three possible atypical bands ( Figure  2) . The occurrence of this three-band pattern agrees with our results by exclusion chromatography, polyacrylamide gradient-gel electrophoresis, and ion-exchange chromatography and demonstrates the existence of complexes of macro CK type 2 and of mitochondrial CK of various molecular masses.
Besides thermostability, a high Ea is characteristic of macroCK type 2. Its apparent Ea significantly exceeds those of the cytoplasmic isoenzymes (Table 2 ) but is comparable with that of mitochondrial CK. The direct relationship between Ea and temperature-conversion factors is of practical importance: to compare CK activities obtained at 30#{176}C with those obtained at different measuring temperatures, one must multiply each CK isoenzyme and each variant by its individual factor ( Table 2) . As long as the isoenzyme composition of the sample is unknown, it therefore is impossible exactly to convert CK activities by calculation or calibration from the measuring temperature to another temperature, because the individual factor needed for this calculation is unknown. Likewise, it is impossible to use a single factor (41) for all samples.
After heat inactivation, macro CK type 2 shows a remarkably high residual activity. Nevertheless, 18 samples containing macro CK type 2 showed a residual CK activity of less than 0.4. This apparent thermolability may be explained by two facts:
(a) Isoenzyme electrophoresis showed that, in addition to macro CK and CK-MM, these samples contained considerable amounts of thermolabile normal-size CK-BB or CK-MB, or both.
(b) In order to perform the heat-inactivation test under "realistic" conditions, we did not adjust the pH of the serum samples to 7.0 to 7.5. Owing to loss of C02, serum samples are often more alkaline (pH >8.0), under which condition thermostability is diminished (1, 9) . 
